Price risk and Bid-Ask Spreads of Currency Options
In market microstructure literature, bid-ask spread is made up of three components: order processing costs, inventory holding costs and asymmetric information costs. The order processing component, or cost of dealer processing, represents a fee charged by market makers for standing ready to match buy and sell orders. Inventory holding costs component compensates dealers for the risk of holding undiversified portfolios. Within the literature, researchers have created inventory control models that focus on how risk-averse dealers adjust prices to control their inventory of an asset.
2 Expectations are that the bid-ask spread are positively related (i.e., increases) to price and the volatility of the security and negatively related (i.e., decreases) to trading volume. Finally, the asymmetric information costs component is to compensate market makers who sustain losses from trading with informed traders. 3 Informationbased models consider learning and adverse selection problems when some market participants have private information.
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The bid-ask spread and its three components have been widely analyzed using stock market, foreign exchange market and stock option market data, but not using data on currency options. Empirical microstructure studies using foreign exchange have been limited until recently due to the lack of transaction level data; and to our knowledge no researcher has studied which price risk measures are most significant when explaining the bid-ask spreads of foreign currency options.
5
This paper contributes to the microstructure literature by investigating which of the price risk measures is most significant when attempting to explain the spread of bid and ask prices of currency options quoted by Philadelphia Stock Exchange (PHLX) currency option specialists.
Unlike stocks traded in the New York Stock Exchange (NYSE), PHLX currency options are infrequently traded. 6 This infrequency in trading causes the PHLX currency option specialists to take longer to restore his inventory to the optimal level than for NYSE specialists, accentuating the price risk of the specialists' unwanted inventories. For this reason, this paper postulates that the quoted bid-ask spread of foreign currencies options is mainly attributable to inventory costs.
7
Given that inventory costs arise from the price risk of the specialist's inventories and that the price risk of currency options is derived from price risk of the underlying currency, one can further stipulate that the price risk of the specialist's currency option inventory (inventory costs) also arises from the exchange rate uncertainty of the underlying currency.
However, it may also depend on the volatility of the underlying currency value, interest rates, and maturity of the option.
When calculating the price risks of currency options we use the Garman and Kohlhagen (1983) foreign currency European option-pricing formula adapted for American options traded in PHLX. 8 Various sensitivity measures of currency option prices are expressed as Greek symbols: delta and gamma from spot exchange rate changes of the underlying foreign currency, vega from changes in the volatility of exchange rate, rho's from changes in domestic and foreign riskless interest rates, and theta from shortening maturity of options (time value erosion). We find that among these price risk measures of currency options, delta and gamma are significant explanatory variables in the bid-ask spread of currency options. Specifically, we find that the bid-ask spread increases with the delta and decreases with the gamma.
I. Price Risk Measures of Currency Options and Bid-Ask Spread.

a. The Garman-Kohlhagen Formula and Price Risk Measures
The price risk measures are calculated using the Garman-Kohlhagen formula for European options, which is modified for American options. 9 The Garman-Kohlhagen formula treats the foreign interest rate as a continuous dividend yield. For European calls and puts, the formulae are, respectively,
where S is the spot exchange rate for the underlying currency (the dollar value of one unit of the underlying currency), r is the riskless interest rate for the dollar, r f is the riskless interest rate for the underlying currency, J is the time to maturity, X is the exercise price, N(.) is the cumulative normal density function, and
where F is the volatility of the spot exchange rate for the underlying currency.
Signs of price risk measures 10 of foreign currency options (Greek symbols) are:
B. Relation between Bid-Ask Spread of Currency Options and Price Risk Measures
Bid-ask spread of currency options can be attributed mostly to inventory costs. As we argued previously, currency option specialists who often have to accommodate transitory order imbalance must carry unwanted inventories. Dealers can control inventory levels to a certain degree by lowering the bid and ask quotes when inventory level exceeds the optimal level and raising the price quotes when inventory level is below the optimal level. However, currency options in PHLX are infrequently traded; and the PHLX specialists are likely to hold the undesirable level of inventories longer than NYSE specialists. This implies that the same level of unwanted inventories is likely to pose more problems for PHLX specialists than for NYSE specialists even if price risk for one unit of inventories is same for both currency option and stock in question. Consequently, bid-ask spread quoted by PHLX currency option specialists would be more sensitive with respect to price risk of currency options than the spread quoted by NYSE specialists.
We consider in this paper options on four currencies, British Pound (BP), Deutsche Mark (DM), Japanese Yen (JY), and Swiss Franc (SF), since those four currency options are most frequently traded in PHLX during 1996. 13 
where i = BP, DM, JY, SF.
Both the delta and the gamma measure the impact of spot exchange rate changes on the option price. We predict that bid-ask spread for call (put) is positively (negatively) related to delta, and that bid-ask spread for both call and put options is negatively related to gamma. Delta measures the slope of the options. For a call option, the larger the delta (which is positive), the larger the change in the option price for a small change in the underlying spot exchange rate, thereby indicating higher price risk of the call option. Hence, the specialist sets wider bid-ask spread for a call option with the larger delta, i.e., a 1 > 0. For a put option, the larger delta (which is negative) indicates the flatter slope of the put option price. Hence, the larger the delta of the put, the smaller the impact of the spot exchange rate change on the put price, and consequently the specialists sets the narrower spread, i.e., b 1 < 0.
Delta predicts accurately how much option price would change for a small change in the underlying exchange rate. However, it becomes a less accurate predictor of option price change for a large exchange rate change because of the convexity of option prices. For a large exchange rate increase (decrease), the delta under predicts (over predicts) the increase (decrease) in the call option price while it over predicts (under predicts) the decrease (increase) in the put option price.
Gamma measures convexity of options. When the specialist fills a sell order resulting in a long position in the options, convexity of (call or put) option price is a desirable feature. Thus, the specialist quotes the higher bid price for a high gamma option than for a low gamma option.
However, when the specialist fills a buy order resulting in the short position, it is an undesirable feature. Thus, the specialist quotes the lower ask price for a high gamma option than for a low gamma option. Hence, we expect that the larger gamma results in a smaller bid-ask spread, i.e., a 2 < 0 and b 2 < 0.
Vega measures how much option price would change when the volatility of exchange rate changes. However, Black-Scholes (1973) or Garman-Kohlhagen formula assumes the constant volatility. In order to examine the effects of exchange rate volatility changes on option prices within the framework of Garman and Kohlhagen model, we assume that the volatility is expected to remain constant over the life of options. Thus, the larger the vega, the larger the impact of changes in exchange rate volatility on the option price. Hence, we expect that the larger vega results in a larger bid-ask spread, i.e., a 3 > 0 and b 3 > 0.
Currency option value also depends on both domestic and foreign interest rates. Changes in domestic or foreign interest rate affect almost immediately the exchange rate. The indirect effect of interest rate changes on the option value through exchange rate changes is already captured in delta and gamma. The rho corresponding to the domestic interest rate (Rho) only measures the direct effect of interest rate changes on currency option value; that is, it measures the sensitivity of option value to the domestic interest rate. The price of currency call (put) options increases (decreases) with domestic interest rate. When domestic interest rate increases, the present value of the exercise price that call (put) option holders pay (receive) upon exercising the option decreases, thereby increasing (decreasing) the value of currency calls (puts).
Therefore, the rho corresponding to the domestic interest rate is positive for calls and negative for puts. The larger the rho corresponding to the domestic interest rate, the larger (smaller) the impact of domestic interest rate changes on the price of calls (puts). Hence, we expect that the larger rho corresponding to the domestic interest rate results in a larger (smaller) bid-ask spread for calls (puts), i.e., a 4 > 0 and b 4 < 0.
The price of currency call (put) options decreases (increases) with foreign interest rate.
When foreign interest rate increases holding exchange rate constant, the value of foreign currency, not including interest payment, decreases, thereby decreasing (increasing) the value of currency calls (puts). The rho corresponding to the foreign interest rate (RhoF) is negative for calls and positive for puts. It measures the sensitivity of option value to changes in the foreign interest rate. The larger the rho corresponding to the foreign interest rate, the smaller (larger) the impact of foreign interest rate changes on the price of calls (puts). Thus, we expect that the larger rho corresponding to the domestic interest rate results in a smaller (larger) bid-ask spread for calls (puts), i.e., a 5 < 0 and b 5 > 0.
Finally, the price of currency options depends on the maturity of options. Theta measures the time value erosion. As the time to maturity decreases, the option becomes less valuable. The more negative the theta, the larger the value loss of options is with the passage of time. The specialist will prefer options with a lower rate of time value erosion, i.e., a larger (and hence smaller absolute value) theta. Therefore, an option with a larger theta is likely quoted at a higher bid and a higher asked compared to an option with a lower theta. However, it is not clear the effect of theta on bid-ask spread, i.e., signs of a 6 and b 6 are ambiguous.
II. Data Description
Transactions data for currency options are obtained from the currency pricing history tape of the Philadelphia Stock Exchange. The tape has most of the transactions data for all the currency options traded at the PHLX from January 3, 1984 through May 30, 1997. 14 Each line representing a transaction reports: a ticker symbol, the trade date, transaction time, expiration month, strike price, put or call, option premium, bid, ask, and concurrent Telerate quotes for spot, bid and ask exchange rate. There are about 1.6 million trades recorded in the tape for the entire period.
To reduce the computational requirement, only one year data is selected for empirical Table I ).
The selected data set is cleaned up by eliminating the following incomplete records: (i) records with missing spot exchange rates; (ii) records with missing bid or ask price for options;
(iii) records with missing exercise prices; (iv) records with option premium outside the bid-ask quotes, i.e., option premium higher than asked price, or lower than bid price; (v) records with quoted bid-ask spread greater than maximum permitted 16 ; and (vi) duplicate records. There are a total of 27,574 usable currency options records.
Insert Table I here The interest rates used are from Datastream. They are the daily quotes of the British Bankers Association London interbank settlement fixing rates (BBAISR) for maturities ranging from 1 month to 12 months for all four currencies and the U.S. dollar.
The values for delta, gamma, vega, Rho, Rhof and theta are calculated using GarmanKohlhagan formula for European options and the recursive integration method [Hwang, Subrhamanium, and Yu (1996) ] by modifying the Garman-Kohlhagen formulae for American options.
17
The exchange rate volatility of a currency on a given date is assumed to be the average implied volatility computed from the currency options traded on the immediately preceding date. The currency options used to calculate the implied volatility were restricted to the options near-at-the-money with strike prices within 10% of the spot prices and maturity longer than one week.
Two records were deleted from the sample due to computational non-convergence, leaving a total of 27,572 records for regression analysis.
III. Regression Results
The regression results for bid-ask spread of call options, equation (3), are in Table II .
The regression results for bid-ask spread of put options, equation (4), are in Table III. Table IV lists the regression statistics for all eight equations.
Insert Table II here   Insert Table III here   Insert Table IV here The constant term is highly significant in all the equations. The results for delta, gamma and vega are highly significant at less than 0.1% significance level. Delta is highly significant in all the equations with positive coefficients for call options and negative for put options, as expected. Gamma is negative in all the equations, as expected, and significant in all but one equation, Yen (YN) call options (significant at 7.2%). Vega is significant at or less than 0.1%
for all the equations. The signs are positive as expected for all, except for British Pound (BP)
call and BP put. The negative sign (and significant at less than 0.1%) for vega in BP equations for call and put can not be explained. 18 Theta, Rho, and Rhof have mixed results in significance and in signs.
These results support those found within the stock option literature. Leland (1985) , Merton (1989) , and Boyle and Vorst (1992) , theoretically examine the impact of the underlying stock spreads on the hedging costs imposed on option dealers. The researchers conclude that the option bid-ask spread is positively related to the spread of the underlying asset and to the sensitivity of the option to changes in volatility (vega). Jameson and Wilhelm (1992) examine the effects of option's gamma, the error in delta hedging, and vega, the uncertainty in volatility that can not be hedged, on stock option spreads. The authors find that both variables explain the statistical significance of the option spread.
In summary, the empirical results support the hypothesis that the bid-ask spread of currency options increases with the absolute value of delta and decreases with gamma for all currency options. The bid-ask spread is found to be positively related to vega for call and put options on Deutsche Mark (DM), Japanese Yen (JY) and Swiss Franc (SF) and negatively for call and put on British Pound (BP). The effects of all other Greek letters, theta, Rho, and RhoF, are mixed in significance and sign.
IV. Conclusion
The determinants of the spread of bid and ask prices of currency options are examined in this paper using the Philadelphia Stock Exchange (PHLX) currency option data.
Foreign currency markets are driven primarily by macroeconomic information, bid-ask spread of currencies can be attributed mainly to inventory costs, and thus, bid-ask spread of options of foreign currencies as well. Prior studies have demonstrated that the price risk of the specialist's currency option inventory (inventory costs) can be best explained by the price risk of the currency options. This study shows that the bid-ask spreads can be mostly explained by two measures of price risk, delta and gamma which are due to the uncertainty of the underlying exchange rates. The most significant empirical finding is that the bid-ask spread increases with the absolute value of delta and decreases with the gamma, indicating that the uncertainty in the underlying currency value is the most significant determinant of the bid-ask spread of currency options.
The study also finds that other price risk measures such as vega, which is due to changes in the volatility of the exchange rate, Rho, which is due to changes in the domestic interest rate, ask spreads for many currency options.
Table I 1996 Transactions for the Eight Ticker Symbols
The selected ticker symbols are: British pounds (XBP/ CBP), Deutsche Mark (XDM/CDM), Japanese Yen (XJY/CJY) and Swiss Franc (XSF/CSF). These are the regular options expiring on Friday before the third Wednesday of the expiration month. The data for the selected 8 ticker symbols in 1996 show a total of 1,120,043 contracts traded in 35,158 transactions within 254 trading days. 
Symbol
The variable delta predicts how much option price would change for a small change in the underlying exchange rate while Gamma measures convexity of options. Rho and RhoF measures the sensitivity of option value to the domestic interest rate and the sensitivity of option value to changes in the foreign interest rate, respectively. Vega measures how much option price would change when the volatility of exchange rate changes and Theta measures the time value erosion. 
Equation for BP Call Equation for DM Call Equation for JY Call Equation for SF Call
The variable delta predicts how much option price would change for a small change in the underlying exchange rate while Gamma measures convexity of options. Rho and RhoF measures the sensitivity of option value to the domestic interest rate and the sensitivity of option value to changes in the foreign interest rate, respectively. Vega measures how much option price would change when the volatility of exchange rate changes and Theta measures the time value erosion. Demsetz (1968) , these costs may include, but are not limited to, subscriptions to specialized electronic information and trading systems. Please see Tinic (1972) for more on inventory holding cost component.
Equation for BP Put Equation for DM Put Equation for JY
2 Inventory holding costs models have been fashioned by Demsetz (1968) , Stoll (1978) , Amihud and Mendelson (1980) , and Ho and Stoll (1981, 1983) .
3 Copeland and Galai (1983) , Kyle (1985) , Glosten and Milgrom (1985) , Easley and O'Hara (1987) , Admati and Pfleiderer (1988) , Madhavan (1992) and Foster and Viswanathan (1994) have provided pioneering models of adverse selection in securities' trading.
4 When a dealer receives a trade, he will revise his expectations and set spreads to protect himself against informed traders.
5 Glassman (1987) , Admati and Pfleiderer (1988) , and Subrahmanyam (1991) make a significant contribution to the literature by providing models that not only show the proportional relationship between exchange rate volatility and bid-ask spreads but also predicts the change in volume and volatility at the opening and closing of the trading day and determine how liquidity traders affects price efficiency.
6 For example, it is not uncommon to observe that for more than two hours there are no trades of options on British Pound which is one of most frequently traded currency options in PHLX. 7 We follow Bessenbider's (1994) conclusion that bid-ask spreads of currencies can be attributed mainly to inventory costs. 8 Please note that even though other studies have focused on the spread of the underlying assets and option price and volume, the intent of this paper is to calculate the price risk of currency options and determine which of the price risk measure(s) is (are) most significant. 9 The majority of the PHLX currency options are American options. For numerical computations of American options, we use the recursive integration method [Hwang, Subrhamanium, and Yu (1996) ] by modifying the Garman-Kohlhagen formulae.
10 Theta is not a risk measure because there is no uncertainty in the passage of time, but it measures the time value erosion of an inventory of currency options.
11 Detailed expressions of Greek symbols can be found in most options text books.
12 Gammas for both European call and put are positive and have the same expression. The sign of theta for European call currency option is usually negative except in-the-money European call on a currency with a very high interest rate. 13 The dataset obtained from PHLX covers the period from January 1984 through May 1997.
The year 1996 was selected for empirical test because it was the last year with a full year's data. 
